ABSTRACT Current selection goals in broiler breeding focus on the improvement of live performance traits, such as feed intake, BW, and feed conversion ratio (FCR). The use of electronic feeders allows measurement of feed intake of individuals housed in groups as well as the identification of different feeding behaviors. Feed intake can thus be split into underlying feeding behavior traits, allowing the estimation of genetic correlations and assessment of the genetic consequences of selecting for performance traits on feeding behavior traits. To investigate the genetic relationships between performance traits and feeding behavior, data of visits to feeders by birds from 4 lines of broilers that differed in selection focus on growth and FCR were analyzed. Visits were recorded electronically and grouped into meals using an existing model for estimating meal criteria. Mean individual feeding behavior traits were then calculated across the entire test period (2 to 5 wk of age). Records were available for between 14,000 and 18,000 birds/line. Analyzed feeding behavior traits were meals per day, meal size, visits per meal, meal duration, nonfeeding time in meal, time feeding per day, proportion of meal spent feeding, feeding rate, and ADFI. Analyzed performance traits were 35-d BW, total feed intake over the entire test period, and FCR. All feeding behavior traits showed moderate to high heritabilities (0.24 to 0.57) but low genetic correlations with performance traits (−0.20 to 0.18), except for ADFI, which was moderately correlated with total intake on test (0.57) and highly correlated with FCR (0.91). The low genetic correlations indicate that the difference in selection intensity among lines for these performance traits has had limited effect on feeding behavior. Different feeding strategies that would result in favorable breeding values for FCR were identified, adding opportunities for further improvements in feed efficiency within and across environments.
INTRODUCTION
Feed costs have a large effect on the efficiency of poultry production systems, accounting for up to 70% of total production costs (Waller, 2007) . Consequently, selection targets focus on improving the feed conversion ratio (FCR) of animals while maintaining or improving other traits, such as BW, breast yield, leg and metabolic health, and livability (Laughlin, 2007) . Improvements in FCR have been so far achieved without direct consideration of traits related to feeding behavior; FCR considers only the feed intake over a period of time rather than the underlying feeding behaviors themselves. Although it has been suggested that selection for performance traits in broiler chickens has affected the underlying controls of feed intake (Denbow, 1994) , Howie et al. (2009b) found no evidence that the structure of feeding behavior was essentially affected by more intensive selection for growth. It is possible, however, that focus on growth or feed conversion traits or both may have affected the variability or heritability or both of feeding behavior traits and their genetic correlation with performance traits.
Individual daily feed intake of group-housed animals can be measured accurately with electronic feeding systems, which typically record behavior in terms of visits to feeders (e.g., Bley and Bessei, 2008) . However, analysis of the short-term feeding behavior of animals on the basis of visits to feeders may lead to inappropriate conclusions (Tolkamp and Kyriazakis, 1999) . With the recent development of novel models to estimate meal criteria (Yeates et al., 2001; Howie et al., 2009a,b) , these visits can now easily be grouped into meals, which are more biologically relevant units of feeding behavior than visits (Tolkamp et al., 1998 (Tolkamp et al., , 2000 . This means that reliably determined meal-based feeding behavior traits of broilers are now available for genetic analysis for the first time. Estimation of the genetic correlations among traits allows assessment of how selection for one trait affects other traits and, thus, assessment of any potential effects of continued selection on traits that are not currently considered in breeding programs.
Within the same strain, individual animals can exhibit different feeding strategies to achieve the same feed intake (e.g., Tolkamp et al., 1998) . Although the main focus for selection would still be to improve feed efficiency, this variation in feeding behavior among individuals could also be used in a selection program to fine tune the improvement in efficiency for specific environments (e.g., suboptimal feeding conditions, where significant competition exists for feed; Kyriazakis, 2011). Therefore, measurement of feeding behavior in individuals can both increase our knowledge of how flock-housed birds organize their feeding and produce a commercially relevant selection tool.
The aims of this study were 1) to determine genetic parameters for a range of meal-based feeding behavior traits and their genetic relationship with performance traits, 2) to establish whether current selection has any effects on feeding behavior at a genetic level, and 3) to identify feeding behavior patterns and their potential for use as future selection criteria. To this effect, data from 4 lines of broiler chickens, differing in their selection focus for growth and FCR, were used and genetic parameters were estimated per line for a range of feeding behaviors and performance traits.
MATERIALS AND METHODS

Birds and Housing
The experimental details of this study were similar to those described by Howie et al. (2009b) . In brief, data from visits to feeders by female birds from 4 lines of broilers were available for analysis. The lines mainly differed in intensity of selection for growth, with lines A, B, C, and D having the highest to lowest growth rates, attaining weights of around 2.4, 2.1, 1.9, and 1.6 kg, respectively, by 35 d of age. The selection emphasis was also different among the lines, with the male lines (A and B) focusing on BW and FCR and the female lines (C and D) focusing on BW, fertility, and egg production (see also Howie et al., 2009b) .
Birds were housed in experimental pens in environmentally controlled houses located in southern Scotland (latitude 55°N, longitude 3°W) from hatching to allow adaptation to the feeding system and environment. The data collection period lasted around 20 d between 2 to 5 wk of age. A photoperiod of 23L:1D, with a light intensity of approximately 40 lx at bird height, was provided up to 7 d of age. This was followed by a constant photoperiod of 20L:4D (up to September 2009) or 18L:6D (from October 2009 according to European Communities, 2007) , with a decreasing light intensity to approximately 10 to 20 lx. The temperature during this period was gradually reduced from 29 to 20°C. Each pen measured 8.1 m 2 and contained 8 feeders, with an average feeder pressure across the lines of 14.5 birds/feeder (i.e., an average of 116 birds/pen).
Feeder design has been described in detail previously by Howie et al. (2009a) . Three pens of birds per line were available for each hatch, and all lines in a hatch were housed together in the same sheds. Numbers of birds varied slightly among lines because of differences in BW and in the number of chicks available per hatch, but this was not expected to affect the feeding behavior of the birds (Howie et al., 2009b) . Feeding behavior data were available for 14,048 birds for line A, 18,092 for line B, 14,044 for line C, and 14,048 for line D, which covered a period of approximately 1 yr/line (~52 hatches). Data from all birds that were put through the electronic feed systems were available for analysis. This group of birds was chosen to go on test as a subset of the population based on favorable estimated breeding values (EBV) for other selection traits. Data for performance traits were collected separately and were available for the entire population for 2 yr of birds/line.
Feeders and Behavior Recording
Throughout the test period, all birds had ad libitum access to a high quality pelleted diet containing 210 g of CP and 13.3 MJ of ME/kg of feed. The feeders allowed access of 1 bird at a time by means of adaptable side plates and a back bar, which were adjusted as the birds grew. Each bird was identified by an electronic wing band, which could be read by the sensors as a bird entered and left the feeder using a radio frequency antenna system. The start and stop time of each visit to a feeder was recorded, along with the weight of feed consumed and identification codes for the bird, feeder, pen, and shed. The visits were screened to remove those in which the wing band was not recorded correctly (<0.1% of all visits). Visits during which less than −0.1 g of feed was recorded as consumed (<0.5% of all visits) were removed from intake calculations but were retained for calculating the other feeding behavior traits.
Feeding Behavior Trait Calculations
Visits to the feeders of each individual bird were grouped into meals after estimation of a suitable meal criterion per line (i.e., duration of a nonfeeding interval between 2 biologically defined individual meals) using the method developed by Howie et al. (2009a) . Meal criteria estimates for lines A, B, C, and D were 1,200, 1,050, 1,050, and 1,210 s, respectively (Howie et al., 2009b) . Previous analysis showed that the differences between these estimates had no biologically significant effect on the values of feeding behavior traits that were obtained. Two visits were considered to be part of separate meals if the interval between them was greater than the meal criterion. Nine meal-based feeding behavior traits were analyzed: number of meals per day, meal duration (s), meal size (g), nonfeeding time in meal (s), feeding rate (g/min of visit duration), ADFI (g), number of visits per meal, time spent feeding per day (min), and proportion of the meal spent feeding. For genetic analysis, these traits were preadjusted to BW at 35 d. This was done to avoid known statistical issues of using the same variable as a main trait in the variance-covariance matrix, as well as a covariate for other traits. However, for the phenotypic comparisons, no preadjustments of the data were performed.
Genetic Analysis
After preadjustment for BW, the heritabilities of feeding behavior traits and their genetic correlations with performance traits were estimated per line. Performance traits used in the analysis were FCR (14 to 35 d), BW at 35 d, and total feed intake (over 14 to 35 d). Multitrait variance component analysis was performed using VCE software (Groeneveld et al., 1992) using animal models with the fixed effects of hatch, pen, mating group, and sex and the random effects of common environmental effects and animal genetic effects. Heritabilities of traits and the genetic correlations between traits were estimated by the VCE program directly. The BW and feed intake data were available for 2.5 generations (i.e., 2 yr) of birds/line, including between 100,000 and 160,000 birds/line, whereas between 14,000 and 18,000 records were available for individual feeding behavior per line. The EBV were calculated for meal size and FCR using PEST (Groeneveld et al., 1992) and were expressed as within-line mean deviations.
Characterizing Feeding Strategies
To determine whether it would be possible to select birds with the same FCR but different feeding strategies (e.g., birds that take many small meals or fewer large meals), both phenotypic records of short-term feeding behavior traits and EBV were used. As an example, the phenotypic variation in meal size and FCR were compared graphically for each of the 4 lines. Graphical comparison was also used to illustrate whether it would be possible to select for birds with the same EBV for FCR but different EBV for meal size. For this study, birds with larger meals tended to have a higher EBV for meal size. As a reference point, an EBV corresponding to an improvement in FCR of 20 g less feed/kg of BW (−0.02 on the graph) was used to compare the range in meal size EBV because this represented the best 10% of EBV for FCR in all 4 lines. Table 1 shows the means per line for the feeding behavior traits, as previously analyzed in detail by Howie et al. (2009b) . All traits were significantly (P < 0.01 for all traits; see Howie et al., 2009b) affected by line except for visits per meal, where no significant differences existed between lines A and C. Significant differences were also found per line in performance traits, except FCR, where no significant difference was found between the 2 male lines (A and B) or between the 2 female lines (C and D). Systematic differences were shown in the feeding behavior traits among the lines, with the male lines A and B having longer and larger but fewer meals than the 2 female lines. Feeding rate, average daily intake, and time spent feeding per day and per meal were also higher in the male lines compared with the slower growing female lines. 1 All meal characteristics were calculated per bird across the entire duration of the test. The 4 lines were selected with different focus on performance traits. Statistically significant differences were found among the lines at P < 0.01 with the exception of visits per meal (VISM), where no significant difference existed between lines A and C, and feed conversion ratio (FCR), where no significant differences existed between lines A and B or between C and D.
RESULTS
Feeding Behavior Traits
2 MLSN = number of meals per day; MDUR = meal duration; MLSZ = intake per meal; MNFD = nonfeeding time in meal; FDRT = feeding rate; PRDF = time per day spent feeding; PRMF = proportion of meal spent feeding; BW = BW at 35 d; LFI = total feed intake. Figure 1 shows the heritabilities for feeding behavior and performance traits for each of the 4 lines. All traits were found to range from moderately to highly heritable, with heritability values varying from 0.23 (for BW) to 0.57 (for number of meals). Overall, heritabilities for behavior traits were generally higher than those for performance traits. Estimates for each trait varied slightly across lines, with the largest variation in average daily intake (0.26 to 0.39) and the smallest in lifetime feed intake (0.32 to 0.35). Although estimates of heritability per line differed significantly, no systematic variation was found across any of the traits with respect to growth rate. The traits with the highest heritabilities in all lines were number of meals, meal size, feeding rate, and proportion of the meal spent feeding. Table 2 shows a matrix of the means and SE of phenotypic (above diagonal) and genetic (below diagonal) correlations for the feeding behavior traits, combined across the 4 lines. Phenotypic correlations tend to be very similar to genetic correlations, with traits with high genetic correlations also having high phenotypic correlations (e.g., meal size and meal duration). As illustrated in Table  2 , if a trait such as ADFI is increased, the low genetic correlations with all the other feeding behavior traits mean that they would be relatively unaffected. Conversely, if the number of meals per day were increased, an associated decrease in meal size (correlation of −0.96) would occur. There would also be a decrease in the proportion of the meal spent feeding and feeding rate and an increase in the nonfeeding duration within a meal. However, a limited effect would occur on meal duration (correlation of −0.09) because decreases in the proportion of the meal spent feeding balance out the increased nonfeeding duration per meal, thus leaving meal duration relatively constant.
Heritabilities of Traits
Correlations Among Feeding Behavior Traits
The most highly negatively correlated traits indicate that, genetically, birds that had larger meals tended to also have fewer meals per day. Also, birds with a higher feeding rate tended to spend less time per day feeding and also had shorter meals. The positive correlations between meal size or number of meals per day with feeding rate, meal duration, or time spent feeding per day were much lower but did show a trend toward larger meals being associated with faster feeding rate (correlation of 0.26). 
Correlations with Performance Traits
The genetic correlations of the feeding behavior traits with the performance traits for all lines are illustrated in Figure 2 . All the correlations were low (ranging from ±0.02 to ±0.27) with the exception of average daily intake, which showed moderate to high positive correlations with total feed intake (up to 0.72 for line A) and FCR (up to 0.94 for line A). For most traits, broadly similar correlations in the same direction were found among the lines. However, most variation was seen in the genetic correlations between BW and feeding behavior traits, with line D showing an opposite direction of correlation with feeding rate, number of visits per meal, time spent feeding per day, and proportion of meal spent feeding when compared with the other lines, and line B differing for ADFI (Figure 2b ). For FCR, line A often differed from the other lines (e.g., meal duration, feeding rate, and visits per meal; Figure 2c) . However, the correlations were very low in all lines and some estimates were associated with large SE. (Table 2) indicates that birds that take large meals generally also take fewer meals per day. Figure 3 shows that birds use a variety of feeding strategies in terms of meal size, and hence number of meals per day, which can result in the same FCR. Individual average meal sizes across the whole test ranged from 4 to 30 g in line A, 5 to 38 g in line B, 3 to 22 g in line C, and 3 to 26 g in line D.
Feeding Strategies
The distributions of meal size EBV against FCR EBV for all birds in each of the 4 lines are shown in 
DISCUSSION
Selection for performance traits, such as improved feed conversion, has had a large effect on the poultry industry, allowing reduction of feed costs while maintaining or increasing BW gain and high levels of bird welfare (McKay, 2007) . Identification of traits relating to feeding behavior may aid in continued progress in the poultry industry and allow optimization of selection strategies for feed efficiency (Kyriazakis, 2011) . In this study, we used meal-based feeding behavior traits to identify differences in feeding strategies among individuals to estimate the relationship between performance traits, such as FCR and feeding behavior, as well as the potential for future selection for specific feeding behaviors in breeding programs. At a phenotypic level, it has been previously shown that the organization of feeding behavior into bouts in these 4 lines of broilers is similar despite differences in selection intensity and performance goals (Howie et al., 2009b) . Birds from all 4 lines were found to feed in distinct bouts and showed an increase in the probability of starting to feed with increasing time since the last feed, which is consistent with the concept of hunger and satiety controlling feeding behavior (Tolkamp and Kyriazakis, 1999) . At a meal-based level, patterns of feeding behavior differ among the lines, with the 2 faster growing lines A and B having fewer meals than the 2 slower growing lines (Table 1) . These meals were on average larger and longer in duration compared with lines C and D. The faster growing birds also tended to spend slightly more time feeding per day and had a higher daily intake.
However, these phenotypic differences among lines were not reflected in large variations in either heritabilities (Table 2) or genetic correlations (Figure 2 ) in these traits across the lines. This indicates that the relationships among the different feeding behavior traits and between feeding behavior traits and the performance traits (i.e., BW, total feed intake, and FCR) either have been maintained across the lines from a similar relationship in a common ancestor or have been affected so that all the lines now have similar relationships despite differences in selection focus on growth. Genetic correlations between the 9 feeding behavior traits ranged from 0.00 (between average daily intake and number of visits) to −0.96 (between number of meals and meal size) and were similar to those found in the literature for visit-based feeding behavior in other species (e.g., pigs; Kalm et al., 1996; Labroue et al., 1997) . High correlations (either positive or negative) between traits suggest that they are influenced by the same genes, and thus selection for one of these traits would have a large effect on the highly correlated trait. Conversely, a very low genetic correlation indicates that there would be little effect of selection on the other trait. All feeding behavior traits, except for average daily intake, showed very low correlations with all the performance traits (either slightly positive or slightly negative), indicating that the traits are not strongly genetically linked (Figure 2) . These low genetic correlations between feeding behavior traits, BW, and FCR suggest that selection for specific feeding behaviors under standard conditions is expected to have a low effect on FCR and BW. Although no comparable studies exist in birds of heritabilities of, and correlations between, feeding behavior traits, several values reported here differ from those previously found in other species. For example, both Schulze et al. (2003) and Hall et al. (1999) found high positive correlations between intake per feeding event and event duration in pigs (0.86 and 0.93, respectively), whereas we found a much lower positive correlation for chickens between meal size and meal duration (0.10; see Table 2 ). This difference may be related to the use of visits instead of meals as the unit of analysis in the latter studies. We have shown that visits to feeders are not meals in themselves but that such visits are clearly clustered and can be grouped into meals on the basis of suitable meal criteria (Yeates et al., 2001; Howie et al., 2009a,b) . It is, therefore, inappropriate to use the term "meal" for visits or clusters of visits grouped together on the basis of an arbitrary meal criterion. The magnitude of heritabilities of meal traits and of genetic correlations between 2 meal traits or between a meal trait and a performance trait can be affected considerably by the meal definition. This would have a large effect on the estimated values of feeding behavior traits and may explain the large range in heritability and genetic correlation estimates across studies. This emphasizes the importance of using nonarbitrary meal criteria that are based on direct analysis of animal behavior, for genetic as well as other types of analyses (e.g., Zorrilla et al., 2005) Finally, the variation in reported values may also reflect true species differences, especially in the digestive physiology between the species considered (Kyriazakis, 2011) In addition to estimating the relationships between past selection and feeding behavior, this study aimed to identify the potential for selection for different feeding behaviors without compromising past or future improvements in performance traits. The need to breed birds with different feeding strategies may arise in different environmental conditions, thus optimizing selection strategies to manage the genotype by environment interaction. For example, in less than optimal conditions where feed is not readily available, birds that take large but infrequent meals may be more suited than those that feed frequently. Conversely, birds fed a poor quality but readily available diet might benefit from feeding more often and thus a bird that takes frequent, short meals may be more suited for such an environment. In environments that are characterized by high feeder pressure or variation in BW, it might be beneficial to select for birds that distribute their feeding behavior throughout the day. The effect of environmental conditions on feeding behavior requires further investigation to determine what potential improvements may be gained from incorporating feeding behavior into a selection program. Figure 3 shows that birds use a variety of feeding strategies to achieve their feed intake and no clear trend was found within any of the lines for improved FCR with either large or small meals. The large range of EBV in all lines shows that enough variation exists to be able to select birds that have large or small meal sizes while maintaining or further improving FCR. The highly negative genetic correlation between meal size and number of meals implies that only one of these traits would be sufficient to represent feeding behavior in a selection index. Thus, potential exists for selection of birds based on feeding behavior traits, which may be suited to specific environmental conditions.
In conclusion, this study shows that feeding behavior traits have mostly similar heritabilities and genetic correlations in all 4 broiler lines. Low genetic correlations with performance traits show that current selection programs have not resulted in substantial differences in feeding behavior traits among lines. The analysis suggests that future selection for favorable feeding behaviors would be possible without affecting FCR goals. Analysis of the feeding behavior of birds with the best FCR showed that a range of feeding strategies is associated with the same FCR, thus offering the potential for selection of birds with specific feeding strategies.
